Investigation of the deuterium ( 2 H) nuclear magnetic resonance ͑NMR͒ relaxation rates of lipid bilayers containing cholesterol can yield new insights regarding its role in membrane function and dynamics. Spin-lattice (R 1Z ) and quadrupolar order (R 1Q ) 2 H NMR relaxation rates were measured at 46.1 and 76.8 MHz for macroscopically oriented bilayers of 1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine (DMPC-d 54 ) containing cholesterol ͑1/1 molar ratio͒ in the liquid-ordered phase at 40°C. The data for various segmental positions along the DMPC-d 54 acyl chain were simultaneously fitted to a composite membrane deformation model, including fast segmental motions which preaverage the coupling tensor along the lipid acyl chain, slow molecular reorientations, and small-amplitude collective fluctuations. In contrast to pure DMPC-d 54 in the liquid-crystalline (L ␣ ) phase, for the DMPC-d 54 :cholesterol ͑1/1͒ system a linear square-law functional dependence of the relaxation rates on the order parameter ͑quadrupolar splitting͒ does not appear evident. Moreover, for acyl segments closer to the top of the chain, the angular anisotropy of the 2 H R 1Z and R 1Q relaxation rates is more pronounced than toward the chain terminus. The residual ͑preaveraged͒ coupling tensor has its greatest effective asymmetry parameter near the polar groups, decreasing for the groups closest to the end of the chain. The results suggest that axial rotations of the phospholipid molecules occur at a somewhat higher rate than in pure bilayers, as a consequence of the higher ordering and reduction of chain entanglement. On the other hand, the rigid cholesterol molecule appears to undergo somewhat slower axial rotation, possibly due to its noncylindrical shape. Collective motions are found to be less predominant in the case of DMPC-d 54 :cholesterol than for pure DMPC-d 54 , which may indicate an increased dynamical rigidity of lipid bilayers containing cholesterol versus pure lipid systems.
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I. INTRODUCTION

Deuterium (
2 H) nuclear spin relaxation of lipid bilayers is sensitive to the rates and amplitudes of various motions of lipid molecules, and constitutes a powerful method for studying the dynamics of these important biological liquid crystalline assemblies.
1,2 Comparison of the 2 H nuclear magnetic resonance ͑NMR͒ relaxation rates of bilayers containing cholesterol to pure lipid bilayers can help investigate its role in membrane function and dynamics. [3] [4] [5] [6] [7] [8] [9] [10] Cholesterol is a common component of biological membranes 11 and is implicated in cardiovascular diseases. 12 In addition, its inclusion into reconstituted phosphatidylcholine vesicles has been observed to alter the activity of the visual protein rhodopsin. 13, 14 A significant effort has been made to understand the effect of cholesterol on the biophysical properties of lipid bilayers. [9] [10] [11] [15] [16] [17] [18] [19] [20] [21] [22] The inclusion of cholesterol in a lipid bilayer has been shown to yield a liquid-ordered phase 20, 23 and to increase the orientational order of the acyl chains, 3, [24] [25] [26] [27] [28] [29] [30] accompanied by an increase in the average thickness of the hydrocarbon region. [31] [32] [33] Micromechanical studies of unilamellar vesicles have also revealed an increase in the bulk bending modulus of bilayers containing cholesterol. 34, 35 A decrease in bilayer permeability has been associated with the presence of cholesterol in liposomes of polyunsaturated lecithin. 36 In spite of these effects, lipid molecules in bilayers containing cholesterol still experience significant axial and lateral diffusion similar to pure lipid bilayers. 21, [37] [38] [39] [40] [41] [42] [43] It follows that cholesterol-rich lipid bilayers in the liquid-ordered phase provide an interesting system of biological soft matter, 7, 11 the dynamical and equilibrium properties of which can be effectively studied by deuterium ( 2 H) NMR techniques. Quantitative information about the effect of cholesterol on lipid dynamics, including the degree of molecular ordering, reorientation rates, and the bilayer elastic constants, can be obtained from the analysis of nuclear spin relaxation rates by invoking specific models for various motions of membrane constituents, and by using NMR relaxation theory. 8, 10 The validity of the interpretation of the ex-perimental results depends on the relevance of the motional model which is used to fit the data. Several models have been proposed to describe the dynamics of lipid molecules within the bilayer, including fast segmental reorientations, [44] [45] [46] [47] molecular diffusion, [47] [48] [49] and collective fluctuations. 47, [50] [51] [52] In addition, numerical methods can be invoked to simulate the observed relaxation rates by solving the Liouville-von Neumann equation. [53] [54] [55] [56] Analysis of a broad range of experimental relaxation data as a function of frequency, sample orientation, and temperature has suggested that consideration of faster segmental motions, noncollective molecular reorientations, and collective membrane excitations is needed to account for the 2 H NMR relaxation rates of pure lipid bilayers in the fluid phase. [57] [58] [59] As a further step beyond investigating pure lipid membranes, one can utilize 2 H NMR relaxation to analyze how the dynamical properties of a bilayer are influenced by the presence of other membrane constituents such as cholesterol. Little effect of cholesterol on the 2 H NMR quadrupolar splittings and relaxation rates of the headgroup and glycerol backbone region of phospholipids has been observed in bilayer mixtures. 16, [60] [61] [62] However, in contrast to pure phospholipid bilayers, 44, [62] [63] [64] [65] a striking angular anisotropy of the spin-lattice relaxation (R 1Z ) is found for both the lipid acyl chains 8, 62, 66 and the cholesterol molecule itself in oriented systems. 67, 68 The results show that at a single magnetic field strength, jump models, 66, 68 segmental or molecular diffusion models, 8 or a treatment based on solution of the Liouvillevon Neumann equation 9 can all describe the 2 H NMR relaxation rates as a function of sample orientation. Therefore, analysis of a broader range of experimental NMR relaxation data as a function of more than one variable, including the 2 H NMR frequency and segmental position in the lipid acyl chains, is needed to further test various dynamical models for membrane constituents, 10, 59 and to establish the correspondence to biophysical properties.
In the present work, 2 H spin-lattice (R 1Z ) and quadrupolar order (R 1Q ) relaxation rates have been measured at two different frequencies ͑46.1 and 76.8 MHz͒ for macroscopically oriented bilayers of 1,2-diperdeuteriomyristoyl-snglycero-3-phosphocholine (DMPC-d 54 ) containing cholesterol ͑1/1 molar ratio͒ in the liquid-ordered phase at 40°C. The experimental data for the entire perdeuterated lipid acyl chain have been simultaneously analyzed in terms of a composite membrane deformation model, 59 including a variable residual coupling tensor due to fast segmental motions that is further modulated by slower collective excitations and molecular reorientations. The model gives similar results to the numerical solution of the stochastic Liouville-von Neumann equation, 9 but yields an expression for the spectral density in closed form. Finally, the dynamical structure of the mixed bilayers containing cholesterol is discussed within the framework of the model.
II. GENERAL THEORETICAL BACKGROUND
Using NMR relaxation theory, 1,69,70 the spin-lattice relaxation rate R 1Z can be expressed as a linear combination of spectral densities of motion J m (,␤ DL ) in the following manner:
The decay of the quadrupolar order R 1Q can be similarly calculated as
Here Q ϭe 2 qQ/hϭ170 kHz is the static quadrupolar coupling constant, D is the deuteron Larmor frequency, and ␤ DL defines the macroscopic orientation of the bilayer normal ͑director frame͒ with respect to the magnetic field ͑labo-ratory frame͒. Note that in general the spectral densities of motion, and therefore the spin relaxation rates in Eqs. ͑2.1͒ and ͑2.2͒, contain not only the dependence on the deuteron Larmor frequency ( D ), but also the dependence on the orientation of the bilayer (␤ DL ϵ). The spectral densities of motion J m (,␤ DL ), where mϭ0, 1, and 2, are Fourier transforms of the corresponding correlation functions G m (,␤ DL ) which describe the time-dependent orientation of the irreducible components of the electric field gradient ͑EFG͒ 72 tensor with respect to the external magnetic field ͑laboratory frame͒,
͑2.3͒
If the static EFG tensor is assumed to be axially symmetric for saturated lipid chains, the laboratory-frame correlation functions are given in terms of the elements of the second-rank Wigner rotation matrix D (2) The Euler angles ⍀ PL in the above expression describe the overall transformation of the principal axis system ͑PAS͒ of the EFG tensor to the laboratory frame. By applying the well-known closure property of the Wigner rotation matrices, 73 for the case of continuous axially symmetric motions, one can separate the frequency dependence from the orientation dependence in the correlation function to yield 49, 74 G m ͑ ,␤ DL ͒ϭ͉D 0m
͑2.5͒
Here the Euler angles ⍀ DL correspond to the orientation of the sample as a whole relative to the main magnetic field ͑laboratory frame͒. All dynamical information is therefore contained in the director-frame correlation functions, which are defined as
where pϭ0, 1, and 2, and the angles ⍀ PD describe the orientation of the PAS relative to the average normal to the bilayer surface ͑director͒. In order to analyze the experimen-tal R 1Z and R 1Q angular anisotropies at different frequencies, as given by Eqs. ͑2.1͒ and ͑2.2͒, the functional form of the director-frame correlation functions G P dir () must be derived from a specific physical model describing fluctuations of the coupling tensor associated with a given C-2 H bond ͑seg-ment͒.
III. COMPOSITE MEMBRANE DEFORMATION MODEL INCLUDING RESIDUAL COUPLING TENSOR
As a means of separating various motions, including fast segmental motions, slower molecular reorientations, and collective fluctuations in Eq. ͑2.6͒, one can further apply the convenient closure property of the Wigner matrix elements
͑3.1͒
In the above expression, the first transformation is from the principal axis system ͑PAS͒ of the static electric field gradient tensor to the intermediate frame associated with the PAS of the residual coupling tensor, which is given by the Euler 
͑3.2b͒
Note that the intermediate frame is chosen so that the residual coupling tensor is diagonal, yielding the following expression for the director-frame correlation functions,
͑3.3͒
It follows from Eq. ͑3.3͒ that even though the static coupling tensor is symmetric, fast segmental motions may result in an asymmetric residual coupling tensor having a variable orientation of the z-axis of its principal axis system as given by the Euler angles ⍀ IM ϵ(␣ IM ,␤ IM ,0). The overall order parameter S CD which is experimentally determined from the quadrupolar splitting, viz. ⌬ Q ϭ 3 2 Q S CD , can then be expressed in terms of the fast and slow order parameters S f (2) and S s (2) in the following manner:
(⍀ ND )͘Ϸ͗D 00 (2) (⍀ MN )͘ for small-amplitude director fluctuations.
In terms of a strong-collisional approximation, 76 the director-frame correlation functions for noncollective molecular motions are given by 47 8, 49 , whereas if jϭ2 the parity is even. 47 65 The latter can be found from the Boltzmann distribution in terms of the potential of mean torque U(␤ MD ), namely ͗D 00
G qn
͑ j ͒ ͑ ⍀ MD ͒͘ ϭ ͐ 0 D 00 ͑ j ͒ ͑ ⍀ MD ͒exp͓ϪU͑ ␤ MD ͒/kT͔sin ␤ MD d␤ MD ͐ 0 exp͓ϪU͑␤ MD ͒/kT͔sin ␤ MD d␤ MD .
͑3.7͒
Note that in the simplest case of a strong-collisional symmetric top approximation, Eq. ͑3.6͒ leads to 1/ qn ϭ6D Ќ ϩ(D ʈ ϪD Ќ )n 2 , and hence the rotational diffusion is described in terms of D ʈ and D Ќ by three correlation times. 47 Next we consider the contribution from collective orderdirector fluctuations ͑ODF͒. Given that the collective fluctuations are formulated as three-dimensional thermal excitations, 77 and considering only the director fluctuations to linear order 47, 78, 79 in ␤ ND (t), one can further write that
͑3.8c͒
Here the constant factor D is a function of the elasticity, viscosity, and temperature of the bilayer, 47, 79 and all other correlation functions for collective motions are zero in this order.
The final expression for the spectral density of motion is then obtained by Fourier transforming the expression for the correlation function, Eqs. ͑2.5͒ and ͑3.3͒, and can be recast in the following general form, 59, 80, 81 herein referred to as the composite membrane deformation model:
͑3.9͒
In the above expression, the molecular spectral densities are given by 47, 52, 65 
where j qn (2) (⍀ MD ;) are Lorentzian reduced spectral densities with correlation times qn which can be determined from Eq. ͑3.6͒. The 3D collective spectral densities of motion can be written as 47, 52, 65 
Finally, the cross term J m mol-col (,␤ DL ) can be calculated to yield
͑3.12͒
In the linear-order approximation for director amplitudes, the individual terms J qn mol-col () comprise Fourier transforms of the products of the correlation functions G qn mol () which describe the various modes of molecular reorientations q and n, cf. Eq. ͑3.5͒, and the correlation functions for collective motions G qn col () as given by Eqs. ͑3.8a͒-͑3.8c͒. After calculating the Fourier integrals, one obtains 59 
J qn
mol-col ͑ ͒ϭ͓͉͗D qn ͑2͒ ͑⍀ MN ͉͒ 2 ͘Ϫ͉͗D 00 ͑ 2 ͒ (⍀ MN ͉͒͘ 2 ␦ q0 ␦ n0 ] 5 3 D ͱ qn ͓1ϩ ͱ1ϩ ͑ qn ͒ 2 ͔ 1ϩ͑ qn ͒ 2 ,
͑3.13͒
for all q and n of Eq. ͑3.12͒. Thus as given by the composite membrane deformation model, 59 the frequency dependence of the relaxation arises from slower molecular motions and collective fluctuations of the bilayer, 47 as described by the sum of their corresponding spectral densities and a cross term. On the other hand, fast segmental reorientations yield a residual coupling tensor with variable components Q eff and Q eff along the lipid acyl chain.
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IV. EXPERIMENTAL PROCEDURES
A. Lipid synthesis and sample preparation 1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine (DMPC-d 54 ) was synthesized from the anhydride of its perdeuterated acid and the cadmium adduct of sn-glycero-3-phosphocholine. 82, 83 The purity of the lipid was checked by thin layer chromatography in H NMR spectroscopy were prepared by first dissolving appropriate amounts of the two components in chloroform, followed by lyophilization from cyclohexane to form a dry powder. 84 The resulting powder was then hydrated in Tris buffer ͑about 70 wt. % buffer͒, containing 1 mM of ethylenediaminetetraacetic acid at pHϭ7.3, and a macroscopically oriented lipid sample was prepared for NMR spectroscopy as previously described. 61, 65 B. Nuclear magnetic resonance spectroscopy Deuterium NMR spectroscopy was performed using two spectrometers having superconducting magnets of 7.06 and 11.05 Tesla with 2 H Larmor frequencies of 46.1 and 76.8 MHz, respectively. 84 An external 1 kW radio frequency amplifier ͑Henry Radio Tempo 2006-A, Los Angeles, CA͒ and a home-built, high-power deuterium probe, having a transverse solenoid coil ͑8 mm diameter͒ and using Polyflon Corporation ͑New Rochelle, NY͒ capacitors were employed to obtain /2 pulse widths of 2.1 and 3.2 s for 46.1 and 76.8 MHz, respectively. All 2 H NMR spectra were recorded by using quadrature detection with a 2 s dwell time ͑Ϯ250 kHz spectral width͒. The sample temperature was maintained at 40°C by passing heated air over the sample in a Dewared glass chamber enclosing the radio frequency coil. Values of the carbon-deuterium bond order parameter S CD (i) and macroscopic bilayer orientation were obtained by fitting simultaneously the observed quadrupolar splittings ⌬ Q (i) at various sample orientations to the expression
, where P 2 (cos ) is a second-rank Legendre polynomial. Initial estimates of and S CD (i) were obtained by multiple measurements near the ϭ0 and 90°ori-entations, and were further refined by the above fitting procedure, which enabled an accurate determination of the sample tilt angle to within Ϯ1°.
Spin-lattice relaxation (R 1Z ) rates were determined using an inversion recovery pulse sequence, () Ϫt 1 Ϫ(/2) Ϫ 1 Ϫ(/2) Ϯ90 Ϫ 2 Ϫacquire, with a 32-step phase cycling routine. 85 Twenty values of the delay time t 1 ranged from 2 ms to 1.5 s, and the time between successive experiments was 1.5 s. The decay of the quadrupolar order (R 1Q ) was determined using a modified version 8 of the Jeener-Broekaert pulse sequence, 86 (/2)
The broadband Jeener-Broekaert pulse sequence creates quadrupolar order over a broad range near the carrier frequency, which is ideally suited for 2 H NMR spectra with multiple quadrupolar splittings. 8, 87 A /2 refocusing pulse was added 8, 88 to the above sequence and phase cycling 85 was employed. The measurements of the R 1Q relaxation rates for pure DMPC-d 54 bilayers using the broadband 86 and the standard 85 Jeener-Broekaert pulse sequences yielded identical results. 
V. RESULTS
A representative
2 H NMR spectrum of macroscopically oriented bilayers of DMPC-d 54 containing cholesterol ͑1/1 molar ratio͒ measured at 46.1 MHz is shown in part ͑a͒ of Fig. 1 . The angle (ϵ␤ DL ) between the bilayer normal and external magnetic field was set at 90°. This spectrum can be compared with that of pure DMPC-d 54 bilayers, 59 which is shown in part ͑b͒ of Fig. 1 . Several model-independent observations of a general nature can be made from analysis of the 2 H NMR data of DMPC-d 54 bilayers containing cholesterol versus those of pure DMPC-d 54 bilayers. The first observation regarding the effect of cholesterol on lipid bilayers is that the 2 H NMR quadrupolar splittings in the DMPC-d 54 :cholesterol spectrum are larger, which is due to a decreased chain mobility, yielding a greater ordering of the acyl chain segments and thereby accounting for the wellknown condensing effect of cholesterol. 24, 25, 89 The inequivalence of the sn-1 and sn-2 acyl chains can be seen from the smallest splittings corresponding to the acyl terminal methyl groups in the DMPC-d 54 :cholesterol spectrum, which yield single peaks in the case of pure DMPC-d 54 bilayers. Part ͑c͒ of Fig. 1 shows profiles of the carbon-deuterium bond order parameters ͉S CD (i) ͉ obtained from the relation ⌬ Q
, which are, in general, a measure of the average angular fluctuations of the segments about the alltrans acyl chain conformation as obtained from the quadrupolar splittings. The order parameters for the cholesterolcontaining DMPC-d 54 bilayers are compared to those for pure DMPC-d 54 , and are consistent with previous work. 25, 83 As can be seen from part ͑c͒ of Fig. 1 , in the case of DMPC-d 54 :cholesterol bilayers, the C2-C6 acyl chain segments yield the largest quadrupolar splitting ͑the plateau region͒, corresponding to an order parameter of ͉S CD ͉ϭ0.42 which is near the limiting value of ͉S CD ͉ϭ1/2 for an all-trans chain undergoing axial rotation about its long axis. On the other hand, the order parameters for pure DMPC-d 54 are nearly twofold smaller. The spectral assignments of the quadrupolar splittings to other individual segmental positions are listed in Tables I and II , which have been made by comparison with previous results, 8, 83 and by making use of the partially relaxed 2 H NMR spectra. Figure 2 shows 2 H NMR spectra of DMPC-d 54 : cholesterol ͑1/1͒ obtained at various orientations of the bilayer normal with respect to the external magnetic field. As can be seen, increasing the tilt angle leads to a decrease of all the quadrupolar splittings, and near the magic angle of ϭ54.7°the splittings reverse their sign. The inversion recovery pulse sequence followed by the quadrupolar echo 45 was used to measure the spin-lattice relaxation rates (R 1Z ) at different sample tilt angles . Partially relaxed 2 H NMR spectra for macroscopically oriented DMPC-d 54 :cholesterol at ϭ90°and 76.8 MHz are shown in part ͑a͒ of Fig. 3 . The broadband Jeener-Broekaert sequence 8, 86, 87 was used to measure the quadrupolar order relaxation rates (R 1Q ), from the decay of spectra such as illustrated in part ͑b͒ of Fig. 3 . By performing these experiments at various sample orientations and NMR frequencies, the angular anisotropies of the MHz, whereas the right hand panels show the corresponding data for DMPC-d 54 :cholesterol ͑1/1͒. As discussed previously, 8, 59 ,65 a plateau is observed in both the order parameters ͉S CD (i) ͉ and the relaxation rates R 1Z (i) and R 1Q (i) as a function of acyl chain position for DMPC-d 54 , parts ͑a͒, ͑c͒, and ͑e͒. The major influences of cholesterol, as shown in parts ͑b͒, ͑d͒, and ͑f͒, involve an increase in the order parameters, together with a decrease in the relaxation rates R 1Z (i) and R 1Q (i) at ϭ90°. These results show that the ordering and relaxation rates must both be considered in discussing the properties of lipid bilayers, including correlations of the various quantities. 47 The possibility of correlation of the order parameters ͉S CD (i) ͉ and the relaxation rates R 1Z (i) and R 1Q (i) is considered in Fig. 5 in terms of a square-law functional dependence. As can be seen, a nearly linear dependence is observed for pure DMPC-d 54 bilayers, 59 whereas such a linear dependence is not clearly evident in the case of DMPC-d 54 bilayers containing cholesterol. It has been argued 47, 52, 65, 90 that the linear dependence may be the result of axially symmetric fast local motions, which preaverage the residual coupling tensor and simply scale the relaxation rates for the whole acyl chain by the corresponding order parameter squared. Note that the 54 :cholesterol ͑1/1͒ bilayers in the liquidordered phase at Tϭ40°C as a function of sample tilt angle (ϵ␤ DL ). As the sample tilt is increased from ϭ0°, a contraction of the spectrum occurs, such that at the magic angle ͑54.7°͒ the quadrupolar splittings reverse sign. Note that at the ϭ90°inclination the splittings are scaled by a factor of Ϫ1/2 with respect to the ϭ0°tilt spectrum. Tables I and II. A third important observation regarding the influence of cholesterol is that a strong angular anisotropy takes place for the 2 H R 1Z relaxation rates at the top part of the acyl chain ͑splittings A-C͒. By contrast, for the segments near the terminal methyl group ͑splittings G-I͒, the relaxation rates do not depend strongly on the sample inclination, which is also observed in the case of pure lipid bilayers, albeit for the entire acyl chain. 59, 64, 65 The above may mean that the effect of cholesterol on the lipid dynamics is more pronounced for the segments that are closer to the glycerol backbone, since the rigid ring system of cholesterol is shorter than the length of the DMPC-d 54 acyl chains. To further interpret the data, the composite membrane deformation model has been used to simultaneously fit the 2 H R 1Z and R 1Q relaxation rates for the entire acyl chain, as also shown in Fig. 6 . An odd potential of mean torque, 49 i.e., U(␤ MN )ϭϪ 1 P 1 (cos ␤ MN ), has been used, although the choice of an even potential 47 yields almost identical results ͑not shown͒. The parameters of the residual coupling tensor, namely the effective asymmetry parameter Q eff , and the orientation of the z-axis of the PAS of the residual coupling tensor with respect to the long molecular axis as given by the angle ␤ IM , have been varied along the acyl chain. By using Eq. ͑3.4͒, the fast order parameters S f (2) have been expressed in terms of the observed order parameters S CD and the slow molecular order parameter S s (2) . The other fitting parameters, including the diffusion coefficients D ʈ and D Ќ , the energy parameter j , where jϭ1,2 ͑or alternatively the slow order parameter S s (2) ), as well as the viscoelastic parameter D corresponding to collective motions, have been held the same for all the acyl chain segments. As indicated in Fig. 6 54 :cholesterol ͑1/1͒ macroscopically oriented at ϭ90°in the liquid-ordered phase at Tϭ40°C. ͑a͒ Recovery of Zeeman order (R 1Z ); and ͑b͒ decay of quadrupolar order (R 1Q ). The inversion recovery pulse sequence followed by the quadrupolar echo ͑Refs. 45 and 101͒ was utilized for the 2 H R 1Z measurements, whereas the broadband Jeener-Broekaert sequence ͑Refs. 8 and 86͒ was used for the 2 H R 1Q measurements. In parts ͑a͒ and ͑b͒ the partially relaxed 2 H NMR spectra are plotted at different delay times (t 1 ).
Reso
nuclear spin relaxation of DMPC-d 54 bilayers containing cholesterol simultaneously for the entire acyl chain, except for some deviations in the case of splittings D -F. This may be due to the fact that the corresponding peaks in the 2 H NMR spectrum are highly overlapping, and thus yield slightly inaccurate observable relaxation rates.
One should note that the molecular diffusion model, [47] [48] [49] 65 i.e., when only noncollective molecular motions are considered, can be recovered as a limiting case from the composite membrane deformation model by setting the parameter D to zero in Eqs. ͑3.3͒ and ͑3.8͒. The fits to the molecular diffusion model assuming an odd potential of mean torque ͑dashed lines͒ in Fig. 6 yield similar results to the composite membrane deformation model, except for a slightly worse quality of the fits to the relaxation data for the plateau region ͑splitting A͒. The corresponding fitting parameters are summarized in Table III . As can be seen, even though the results are similar in both cases, inclusion of collective motions yields a dramatic decrease in the diffusion coefficient D Ќ which would mean that off-axial diffusion does not contribute predominantly to the nuclear spin relaxation of lipid bilayers in the mid-MHz range. Figure 7 shows the parameters of the residual coupling tensor obtained from the fits, which are plotted as a function of the position ͑i͒ in the lipid sn-1 acyl chain. Part ͑a͒ of Fig.  7 illustrates that the values of the angle ␤ IM (i) , describing the orientation of the z-axis of the PAS of the residual coupling tensor with respect to the long molecular axis, are similar for both the composite membrane model and the molecular diffusion model. They vary along the chain from 90°for the plateau region to about 65°for the terminal methyl group ͑or alternatively 115°, since one cannot distinguish between ␤ IM (i) and Ϫ␤ IM (i) due to the even parity of the quadrupolar interaction͒. Both the composite membrane deformation model and the molecular diffusion model yield a variable asymmetry parameter Q eff(i) having its largest absolute value for the plateau region ͑splitting A͒ and zero values for the terminal segments; cf. part ͑b͒ of Fig. 7 . Using Eq. ͑3.4͒, the corresponding fast order parameter S f (2) , and therefore the effective coupling constant Q eff(i) , can be determined. As can be seen from part ͑c͒ of Fig. 7 , the values of the effective coupling constant decrease progressively along the acyl chain as a result of an increase in the motional disorder toward the center of the bilayer.
As the next step of the experimental data reduction, the laboratory-frame spectral densities of motion J 1 ( D ,␤ DL ) and J 2 (2 D ,␤ DL ) have been directly calculated for various and R 1Q (i) relaxation rates on the square of the order parameter is much steeper for pure lipid bilayers than for cholesterol containing bilayers, as a result of the lower ordering in the former case. A linear functional dependence is observed for pure DMPC-d 54 bilayers along the entire acyl chain at the various sample tilt angles, Ref. 59 , which is not the case for DMPC-d 54 bilayers containing cholesterol. The latter may be a consequence of nonaxially symmetric segmental motions, yielding a nonzero effective asymmetry parameter, and possibly a variation of the PAS of the residual coupling tensor along the acyl chain due to the degree of lipid chain entanglement.
positions in the lipid acyl chain by using Eqs. ͑2.1͒ and ͑2.2͒. Figure 8 reveals that for segments close to the lipid head group ͑splittings A -C͒, the spectral densities follow the trend J 1 ( D ,␤ DL )ϽJ 2 (2 D ,␤ DL ) when the tilt angles ␤ DL are less than approximately the magic angle ͑54.7°͒, and J 1 ( D ,␤ DL )ϾJ 2 (2 D ,␤ DL ) otherwise. This tendency appears to be reversed for the segments close to the end of the acyl chain ͑splittings G -I͒. As also shown in Fig. 8 , the above trends can be described in general by the theoretical spectral densities calculated using the composite membrane deformation model, with the parameters obtained from the fitting to the 2 H R 1Z and R 1Q relaxation rates; cf. Table III Tables I and II and the fitting parameters are presented in Table III . In both cases an adequate fit is obtained, suggesting that collective motions do not appreciably affect the nuclear spin relaxation in lipid bilayers containing cholesterol. The discrepancy between theory and experiment for resonances D -F may be due to the fact that the corresponding peaks are not well resolved in the 2 H NMR spectra.
the sample tilt angle ͑͒ in Fig. 9 , part ͑a͒. As can be seen, molecular rotational diffusion appears to be the predominant relaxation mechanism, in agreement with earlier conclusions, 8 whereas the contribution from the collective motions is appreciably smaller. Similar results are obtained for other acyl segments ͑not shown͒. Part ͑b͒ of Fig. 9 shows the contributions from different motions obtained from fitting the frequency and angular dependent 2 H R 1Z and R 1Q relaxation rates for pure DMPC-d 54 . 59 In this case, the contributions from molecular and collective motions, as well as from the cross term, are found to be comparable. The above may indicate an increased dynamical rigidity of the cholesterol-containing bilayers versus pure lipid bilayers, consistent with micromechanical deformation studies.
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VI. DISCUSSION
Nuclear spin relaxation studies of lipid bilayers containing cholesterol in the liquid-ordered phase 20 ,23 constitute a powerful means for investigating its effects on the dynamical properties of biological membranes. As a rule, the relaxation of lipid bilayers can include contributions from ͑i͒ internal ͑local͒ motions due to trans-gauche isomerizations of the chains; ͑ii͒ overall motions of the lipids due to restricted rotational diffusion; and ͑iii͒ collective excitations of the lipid bilayer formulated as collective order-director fluctuations ͑ODF͒. 47 The different effects of cholesterol on the ordering and 2 H NMR relaxation rates of the phospholipids evince clearly that both the molecular ordering and reorientational dynamics need to be considered in relation to their physical properties. 91 We have recently suggested that the combined orientational anisotropy and frequency dependence of the R 1Z and R 1Q relaxation rates of lipid bilayers in the liquid-crystalline state can be explained in terms of a composite membrane deformation model, which includes the additional influences of axial rotations of the lipids. 59 The 
a All curve fitting has been done by using the Levenberg-Marquardt algorithm. The fits have been statistically weighted by the inverse squares of the standard deviations of the individual data points ͑Ref. 102͒. An odd potential of mean torque, U(␤ MN )ϭϪ 1 P 1 (cos ␤ MN ), has been assumed for molecular reorientations.
b Parameter was held fixed at the indicated value to satisfy the condition S f (2) Շ1. c Supplementary angles Ϫ␤ IM are indistinguishable from ␤ IM due to the even parity of the quadrupolar interaction and are not included. Parameter was held constant at the indicated value since it cannot be determined to within an applicable accuracy from the fits.
composite deformation model represents a new framework for analyzing the dynamics of membrane lipids in the liquidcrystalline state.
Here the orientational anisotropies of the 2 H R 1Z and R 1Q relaxation rates of DMPC-d 54 :cholesterol ͑1/1 molar ratio͒ have been measured at frequencies of 46.1 and 76.8 MHz and a temperature of 40°C. Data for the entire acyl chain have been analyzed using the above-mentioned composite membrane deformation model. 59 The model considers the influences of fast segmental reorientations in terms of preaveraged motional amplitudes due to fast ͑on the 2 H NMR scale͒ chain motions, which yield a residual coupling tensor having an effectively nonzero asymmetry parameter. Combined influences of slower three-dimensional collective fluctuations, together with effective axial rotations of the lipid molecules, are assumed to modulate the residual coupling tensor due to the local motions, and predominantly govern the orientational anisotropy and frequency dependence of the relaxation. The composite membrane deformation model yields expressions for the spectral densities in closed form, and fits the anisotropic relaxation data for the DMPC-d 54 :cholesterol ͑1/1͒ bilayers simultaneously at the two different frequencies, 46.1 and 76.8 MHz, for all the observable acyl resonances. For the case of the cholesterolcontaining DMPC-d 54 bilayers, a relatively high asymmetry parameter for the residual coupling tensor of Q eff Ϸ0.1 is needed to account for the strong angular anisotropy of the segments close to the lipid head group ͑plateau region͒ at both frequencies, whereas for pure phospholipid bilayers the data can be fit with a zero effective asymmetry parameter for the whole acyl chain. 59, 65 The above may be the result of interactions between the lipid chains and the rigid cholesterol ring system, which decrease the number of rotameric degrees of freedom for the upper part of the acyl groups, thus yielding nonaxially symmetric effective local motions associated with a nonzero asymmetry parameter. Moreover, in the case of DMPC-d 54 :cholesterol, the orientation of the z-axis of the PAS of the residual coupling tensor is found to vary along the acyl chain, ranging from a value of ␤ IM ϭ90°for the plateau region to ␤ IM ϭ65°for the terminal methyl group.
By contrast, the relaxation rates for pure lipid bilayers appear to be scaled by the corresponding order parameter S CD squared for the entire acyl chain. 47, 59, 65, 90 This observation suggests a constant orientation of the residual PAS for all segments, and an axially symmetric nature of the effective local segmental reorientations. The different results for the mixed bilayers containing cholesterol can be interpreted simply as an effect of increased chain entanglement near the center of the bilayer, e.g., due to different lengths of the rigid cholesterol ring system and flexible lipid molecules. The favorable interactions between the cholesterol and phosphatidylcholine molecules change the asymmetry parameter and the orientation of the PAS of the residual coupling tensor along the lipid acyl chains. Hence, the top part of the chain remains highly ordered by the rigid cholesterol molecule, 15, 20, 92 whereas the chain segments deeper in the bilayer are in contact with the flexible cholesterol tail and are more entangled as in the case of pure lipid bilayers. Interestingly, if only noncollective molecular motions are considered, 8 the overall quality of the fits to the 2 H R 1Z and R 1Q relaxation rates of DMPC-d 54 :cholesterol ͑1/1͒ does not change appreciably. This suggests a rather small contribution from collective motions to the nuclear spin relaxation in cholesterol-containing bilayers as a result of an increased dynamical rigidity versus pure lipid bilayers.
It is interesting to compare the present results with earlier spin label EPR studies 17, 21, 37, 91 and also previous NMR studies of cholesterol:phospholipid interactions. 4, 8, 9 Both EPR results for the cholestane spin label 21 and the present membrane deformation model yield relatively small values for the off-axial diffusion coefficient (D Ќ on the order of ) of the phospholipid molecules than those obtained 21 for the cholestane spin probe (D ʈ Ϸ10 8 s
Ϫ1
). An earlier 2 H NMR investigation of the influences of cholesterol on the dynamics of phospholipid bilayers has been also carried out by Weisz et al., 9 which is complementary to the present study. These authors have analyzed in detail 2 H NMR relaxation rates of DMPC and cholesterol in mixed bilayers, having specifically deuterated positions, by measuring the orientation and temperature dependence of the relaxation at a single frequency ͑magnetic field strength͒ ͑46.1 MHz͒. By contrast, in the present work the entire acyl chain of DMPC-d 54 has been studied, including the orientational anisotropy of R 1Z and R 1Q at two frequencies ͑magnetic field strengths͒. The approach of Weisz et al. 9 is based on numerical solution of the Liouville-von Neumann equation to describe the as anisotropic diffusion having two correlation times, due to the axial rotation around the long molecular axis ( Rʈ ) and the rocking motion of the lipid molecule ( RЌ ). Collective deformations have been treated as two-dimensional director fluctuations 50, 93 rather than three-dimensional excitations; 47, 59 these are assumed to primarily contribute to the relaxation at lower frequencies, below the MHz regime of the R 1Z and R 1Q measurements. From such an analysis, it has been concluded that cholesterol significantly reduces the spectral density of the collective motions compared to pure lipid bilayers, which is in agreement with earlier work by Trouard et al. 8 The composite membrane deformation model allows one to calculate directly the contributions from various motions to the observable relaxation rates, and similarly predicts a smaller influence of collective motions formulated as threedimensional director fluctuations in the case of lipid bilayers containing cholesterol. As noted above, this is in agreement with an earlier preliminary report. 8 A summary of the dynamical parameters for pure lipid bilayers versus mixed systems, obtained from the analysis of 2 H NMR relaxation data, is depicted in Fig. 10 , and assuming the bilayer viscosity does not change appreciably with the inclusion of cholesterol, one concludes that a nearly sixfold increase in the bilayer elastic constant K occurs in the latter case. On the other hand, Weisz et al. 9 report a factor of 3.5 by treating the collective motions as two-dimensional director fluctuations. 50 It is also of interest to consider the rotational diffusion coefficients of the phospholipid and cholesterol molecules in the mixed bilayers in terms of coupling of their dynamics. Qualitatively, the results of the composite membrane defor- For pure lipid bilayers, part ͑a͒, the viscoelastic parameter D corresponding to collective motions is appreciably larger than in cholesterolcontaining bilayers, part ͑b͒, which indicates an increased rigidity in the latter case. Moreover, parts ͑a͒ and ͑b͒ suggest that a reduction in the offaxial diffusion coefficient D Ќ due to cholesterol is accompanied by an increase in the axial diffusion coefficient D ʈ . Such behavior evinces a reduction in the degree of chain entanglement of the flexible lipid molecules in the presence of cholesterol, leading to a dimunition of the friction coefficient. On the other hand, the axial diffusion coefficient for the cholesterol molecule itself, part ͑c͒, is found to be less than the corresponding values for the phospholipids. This is perhaps expected due to the larger effective radius of cholesterol compared to the phospholipid acyl segments, together with the noncylindrical shape and the lack of significant internal degrees of freedom of the rigid sterol ring system. mation model are generally consistent with previous 13 C NMR studies of the carbonyl carbons of DMPC in bilayers containing cholesterol. 94 The observed change of the chemical shift anisotropy of the sn-1 carbonyl resonance in DMPC due to the inclusion of cholesterol has been shown to increase the molecular order, with a persistence of fast axial diffusion about the long axis of the molecule. 94 Recall that the composite membrane deformation model 59 describes the dynamics in terms of three-dimensional excitations with wavelengths on the order of the bilayer thickness or less, together with effective axial rotations of the phospholipids. The axial motions are described by the rotational diffusion constant D ʈ , with the off-axis motions corresponding to ODF, plus any additional minor influences which are modeled in terms of the off-axial diffusion constant D Ќ . It is interesting that according to the composite model, the axial diffusion coefficient D ʈ corresponding to the rotation about the long axis of the phospholipids appears greater for the DMPC-d 54 ). 59 The former case corresponds to the correlation time RЌ occurring on the microsecond time scale in agreement with the results of Weisz et al. 9 As remarked previously, this may be correlated with the effect of cholesterol on the off-axial collective excitations modeled as ODF. However, if only molecular motions are considered as a limiting case, values of the off-axial rotational diffusion constant of about two orders of magnitude greater are found (D Ќ ϭ62.0ϫ10 6 s
). It follows that when treating transverse displacements it may be more consistent to consider only the collective ODF contribution, and neglect specific consideration of the noncollective off-axial rotations.
Physically, the values obtained for the various relaxation parameters using the composite model would lead to the following simple picture for the mobility of the phospholipid molecules in the mixed bilayer. The composite model suggests the lipid relaxation in the MHz range is mainly governed by the superimposed effects of collective orderdirector fluctuations plus effective axial diffusion of the lipids. 59 According to this framework, 59 in the presence of cholesterol the order-director fluctuations of the lipids are essentially damped out in the MHz regime, so that the remaining dominant contribution to the relaxation arises from phospholipid axial diffusion. We find, moreover, that the axial diffusion of the phospholipids in the presence of cholesterol may be somewhat faster than in the pure lipid bilayer. This can perhaps be explained by a reduction in the degree of chain entanglement of the flexible lipid molecules in the presence of cholesterol, 2 e.g., due to a reduction of the friction coefficient. This would lead to an increase in the rate of axial diffusion, since the molecule or the acyl chain is able to rotate more freely. 8 In addition, one can contrast the nuclear spin relaxation of the phospholipid molecules ͑this work͒ with the relaxation of the cholesterol molecule itself in lipid bilayers. 67, 68 The presence of a fused ring system means that cholesterol is a very rigid molecule, so that the lack of appreciable segmental motions simplifies its internal dynamics compared to the acyl chains of phospholipids. 67, 68, 95, 96 This allows one to set S f (2) ϭ1 for cholesterol in the composite membrane deformation model, or, alternatively, the molecular diffusion model. The angular dependence of R 1Z for specifically labeled cholesterol in a similar bilayer system, 1,2-dipalmitoyl-snglycero-3-phosphocholine ͑DPPC͒ 68 at 30°C has been explained using an anisotropic rotational diffusion model for molecular reorientations, 96 which is a limiting case of the more general composite membrane deformation model. 59 The model assumes a static EFG tensor unaltered by internal motions ( Q ϭ170 kHz, Q ϭ0). It was assumed that both the lipid and cholesterol molecules exhibit high ordering, 5, 6, 24, 25, 67, 68, 89 with molecular order parameters S s (2) of about 0.9. Application of the composite membrane deformation model suggests that the phospholipid mobility as characterized by D ʈ may be somewhat greater than in the case of the cholesterol molecule. As can be seen from ). 97 This is perhaps expected due to the larger effective radius of the cholesterol compared to the phospholipid acyl segments, together with the lack of significant internal degrees of freedom of the rigid sterol ring system. The above conclusion seems to be in contrast with the result of Weisz et al., 9 who have concluded that the cholesterol axial rotation is faster than that of phospholipids by about an order of magnitude. On the other hand, the off-axial rotational diffusion coefficient for phospholipids, although not very well determined from the fits, is smaller by more than a factor of 20, i.e., D Ќ ϭ0.399 ϫ10 6 s Ϫ1 versus 8.33ϫ10 6 s
. Molecular dynamics calculations 97, 98 could probably shed additional light on the coupling of the dynamics of the phospholipids and cholesterol in the mixed bilayers. The above differences in diffusion coefficients and molecular ordering are clearly reflected in the magnitude of the observed relaxation rates of the phospholipids and cholesterol. For 2 H-labeled cholesterol in bilayers of DPPC at 30°C, the spin-lattice relaxation rates are on the order of 150 to 500 s Ϫ1 and are close to the T 1Z minimum, 68, 95 whereas the relaxation rates observed for the acyl chains of DMPC-d 54 :cholesterol bilayers 8 are considerably smaller and range from 7 to 33 s
. This large difference is present even for the plateau region, which has the largest order parameter of ͉S CD ͉ϭ0. 42 .
In closing, it is perhaps worthwhile to emphasize that the present study comprises an important test of current models for the nuclear spin relaxation in lipid bilayers, involving extension of the range of their validity. Moreover, it represents one of the first examples in which the rotational dynamics of two interacting components in a mixed bilayer system have been comparatively analyzed in detail. As a rule, the 2 H NMR relaxation data as a function of frequency and sample orientation are successfully described for the acyl chains of both pure DMPC bilayers 59 and bilayers containing cholesterol ͑this work͒ in terms of a composite membrane deformation model. The model yields an expression for the spectral densities in closed form, and allows one to obtain quantitative information about the bilayer. The results suggest the 2 H NMR relaxation of cholesterol-containing bilayers in the MHz regime is governed predominantly by noncollective molecular reorientations of the phospholipids and cholesterol, and less significantly by small-amplitude collective deformations of the membrane interior. The phospholipid molecules experience a somewhat higher axial mobility than in pure bilayers, e.g., arising from a reduction in the degrees of freedom due to chain entanglement, and have a greater axial mobility than the rigid cholesterol molecules. The internal configurational statistics of the chains are primarily manifested in the residual coupling tensor having variable components along the acyl chain, possibly due to alteration of the degree of chain entanglement as a result of interactions between the phospholipid and cholesterol molecules. Future work can test and extend the above framework by conducting relaxation studies of both the phospholipid and cholesterol constituents of the mixed bilayers over a broader range of frequencies. For instance, field-cycling techniques as pioneered by Noack 57 can be used for the lower frequencies, where slower collective motions are expected to be important. Likewise continued advancements in superconducting magnet technology allow access to increasingly higher frequencies that are indicative of faster molecular and segmental reorientations. These data can be more extensively modeled in the future using molecular mechanics computer simulations. [97] [98] [99] [100] Finally, the approach could be extended to studies of membrane lipid:peptide interactions and protein:lipid interactions, including their dynamical coupling in relation to biological functions.
